The results indicate that the transition altitude during particle precipitation is most influenced by the increased ion production. There do not appear to be significant effects from possible increases of N2 vibrational temperature. A number of interrelated effects contribute to the increase in transition altitude during joule heating. The most important effect is the electric field contribution in raising the effective ion temperature. In addition, it appears that increased N2 density is also required to account for the observed change.
INTRODUCTION
Theoretical studies of the high-latitude ionosphere predict that there should be large changes in ion composition as a result of energy and momentum input from the magnetosphere during auroral activity [$chunk et al., 1975, 1976 , 1974] . In this paper we adapt and sured or assumed before the other two can be determined. In extend the radar analysis techniqies of ion compositon used the altitude region covered by this study, the ions considered previously at midlatitudes, to the auroral region. As a result, are atomic (O +) and molecular (NO + and 02+). using the Chatanika radar (described by Leadabrand et al. Fortunately, altitude regimes exist where the ion composition is known and unchanging, e.g., between 85 and 130 km [1972] ), we are able to make the first long-term measurements of ion composition in the auroral region. The results found in molecular ions dominate and above much of the F region this study are consistent with both theory and previous experi-atomic oxygen ions dominate. It is in the transition region, ments. We expect that future, more extensive studies of the where T•, Ti, and m, are all changing, that difficulties arise in composition can be used to enable us to understand the varia-the data analysis. nant ion is O+; (2) at altitudes below ~300 km the ions are in thermal equilibrium with the neutrals.
The model used by Evans for Ti corresponds to a neutral temperature profile from Cira (1965). The particular Tn profile is chosen by using values of Ti measured at altitudes (130 and 250 kin) where one can safely assume the ion composition to be entirely molecular and atomic, respectively. Composition profiles can then be determined because Ti (Ti --Tn) is known throughout the altitude region where the ion composition is changing from molecular to atomic. The ion composition results are, therefore, somewhat dependent on the neutral temperature model chosen.
High-Latitude Case
At high latitudes, the magnetic field lines couple the ionosphere to the magnetosphere, giving rise to energy input into the ionosphere from energetic particle precipitation and from joule heating by the convection electric field. Theory and observation Rees and Walker, 1968] show that particle precipitation leads to an increase of the electron temperature, and joule heating leads to an increase of the ion temperature. Recent observations [Schlegel and St. Maurice, 1981; Wickwar et al., 1981] show that coincident with joule heating, there is an increase of the E-region but not of the F region electron temperature.
The midlatitude technique for finding the ion compositon in the transition region can be applied when the ions are not heated above the neutral temperature. Therefore, the technique can still be applied to high-latitude data during periods when the effects of joule heating are small. Indeed, we have confirmed this with a comparison to a simultaneous rocket measurement of in situ ion composition (section #3). However, the midlatitude technique cannot be applied during joule heating events that are large enough to significantly increase the ion temperature above the neutral temperature. For this situation we have developed another technique. Instead of constraining Ti to fit a model Tn profile, we constrain Te at each altitude to have a value consistent with the values measured before and after the heating event. Then the least squares fitting procedure is used to solve for Ti and mi.
The rationale for adopting this procedure is based on the following:
1. When F region temperatures are deduced under the assumption of unchanging O + composition, a large apparent decrease in Te is found during periods of joule heating. This apparent decrease is an artifact of the constant O + composition assumption. The assumption of atomic ions rather than a mixture of atomic and molecular ions results in an underestimate of both the temperature ratio, Te/Ti, and the ion temperatures. As a result, Te is substantially underestimated.
2. Real decreases in the electron temperature can arise from four principal sources: decrease of the solar EUV, decrease of low-energy particle precipitation, increase of the electron density, and an increase of neutral density. The first three sources can be monitored and their effects evaluated; the solar EUV through knowledge of the solar zenith angle, the soft particle flux through the particle energy deposition, and the electron density through direct measurement. In fact, the effects of the second and third sources are in opposite directions. For example, a decrease in soft particle flux will decrease the thermal energy input and also have the effect of reducing the electron density, which, in turn, leads to a reduction in the electron-neutral loss rate. The changes during periods of joule heating that would increase the electron temperature are: decreased electron density, increased ion temperature, and conversion of atomic ions to molecular ions. A decrease of electron density by up to a factor of 2 is often observed. This has a significant effect because it reduces all electron-neutral loss rates by this amount, tending to increase Te. An increase in the ion temperature of 300 to 1000 K will greatly reduce the energy loss from electrons to ions and will often lead to energy input to the electrons from hotter ions. This effect is much more important at the higher altitudes and for the higher electron densities. Finally, the conversion of atomic to molecular ions is comparatively unimportant.
The joule heating-induced change that would decrease the electron temperature is increased neutral density. The effect of an increase in neutral density is considered because it has often been reported in connection with the auroral region [e.g., PrOlss, 1980] . Even a fourfold increase in the N2 density would not decrease the electron temperature sufficiently to fully compensate for the temperature increase sources considered above. Increases in the O2 density would further increase the electron-neutral losses, but are much less important. Increases in the O density would be important, but have not been observed. Thus, in general, the electron temperature should, in theory, increase during joule heating and our assumption of a constant Te does provide a lower bound for the proportion of molecular ions and for the transition altitude.
The procedures we follow to determine the ion compositon at high latitudes and the choice between procedures are summarized in the flowchart in Figure 1. 
OBSERVATIONS
The measurements were made with the Chatanika radar [Leadabrand et al., 1972] that is located near Fairbanks, Alaska, at 65øN geographic and geomagnetic latitude. The autocorrelation function measurements were made using both a 320-/•s and a 160-/•s transmitted pulse at 1290 MHz together with hardware correlators. The system is described and references given in Kofman and Wickwar [1980] . The antenna was cycled between three positions or kept scanning in azimuth during the observations so as to determine the vector ion velocities (electric fields) and the joule heating rate [Brekke and Rino, 1978] ions. In addition, a single parameter that succinctly describes the composition is the transition altitude, the altitude where the ion composition is half atomic and half molecular. The variation of this parameter with time, season, and auroral activity (both particle precipitation and joule heating) was studied.
The transmitted pulses, particularly the 320-• pulse, are longer than optimum at the low-altitude end of the altitude scale, although they do have the distinct advantage of yielding good signal-to-noise ratios. There is, however, the possibility of small, systematic errors in the altitude because the temperature averaged over the sampled region may not be the temperature at the midpoint of the pulse. The difference depends on the gradients of the measured parameters (Te, T•, and composition), the weighting effect of the electron density gradient, the pulse length, and the details of the measurement technique. Using gradients measured during day and night conditions, this source of error was evaluated and the resulting bias in the transition altitude calculation was found to be less than 5 km. We consider this acceptable because the geophysical effects that we are observing vary the transition altitude by 20 to 50 kmo A set of three 24-hour periods supplemented by one shorter period were chosen to study the variation of composition with time, season, and auroral activity. The days examined are given in Table 1 The October day shown in Figure 4 contained the most pro- There is little change in the ion temperature until about 1000 UT, when the joule heat input begins. There are obvious enhancements in ion temperature at 1000, 1200, and 1400 UT. The electron temperature around 1400 UT appears to decrease suggesting that the 100 percent O + assumption is no longer valid. The apparent dip in Te for three altitudes is shown in Figure 9 . The dip at 277 km is larger than at 218 km because of a larger relative change from atomic to molecular ions. While the dip is small at 335 km, it does indicate the presence of a significant percentage (20%) of molecular ions during the joule heating event. During this period (1330-1430 UT) the method of constraining Te was used to compute the ion composition. The composition contours are indicated in Figure 10 . The transition altitude is seen to be near 190 km at the beginning of the observations. However, at the peak of joule heating, 1400 UT, this altitude increased by 50 km--molecular ions are predominant up to 240 km.
During this heating period, the electron density was also seen to decrease. The maximum F region electron density 30 min prior to the depletion was about 2 x 105/cm 3. During the heating, the density dropped to 105/cm 3, and 30 min later it had recovered to 1.8 x 105/cm •. In addition to transport effects, a change in the dominant F region ion from atomic to molecular should cause a decay in the electron density since molecular ions, 02 + and NO + , recombine much more rapidly. Electron density profiles measured before, during, and after the heating event are shown in Figure 11 .
The E region electron density was also seen to decrease during the period when the electric field was large. This decrease must be due to a reduction, or softening, of the particle precipitation and not due to a change in ion composition. At E region altitudes, the predominant ions are molecular regardless of the auroral activity. Using (4) for the ion composition, the effects on the transition altitude of varying the atmospheric density, electron density, production rates, and temperatures can be assessed.
E 230 •_ • i i i • I • i i i • i i i i i , I • i • 1 • i_ •
'
Diurnal Variation
Our observations indicate that at night the transition altitude increases. In the absence of auroral activity, the iono- 
Particle Precipitation
During enhanced particle precipitation we observe a lowering of the transition altitude. The variation can be similar in magnitude and sense to the 20-km decrease in going from night to day.
In the F• region, whether the ionizing source is solar EUV or auroral particle precipitation, the effects are similar. As the source strength increases, both molecular and atomic ions are created and the electron density increases. Because the O + Another point relative to the production of NO + is the in- The atmospheric model and ionospheric data used to numerically model the effect of joule heating are given in Table  4 . The ionospheric data are from August 13, 1975. The total ion production rates were adjusted to have the ion composition match the observation prior to the joule heating event. These rates were kept constant through the joule heating period. Due to the enhanced electric field and elevated ion temperatures observed during the event, ¾2 was considerably increased. The resultant model ion composition profile ( Figure  14) indicates that more molecular ions should exist at all altitudes as compared to the quiet period. However, the transition altitude is only increased by 20 km. If we further increase the N: density by a factor of two at 160 km (corresponding to an increase in neutral temperature of ~250ø), the transition altitude is increased by a total of 40 km, in better agreement with the observation.
SUMMARY AND CONCLUSIONS
We have described the incoherent scatter radar techniques by which variations of ion composition in the high-latitude ionosphere can be determined. The midlatitude technique based on the equality of ion and neutral temperatures between 130 and 300 km [Evans, 1967] sphere, the transition altitude remained consistently near 190 kin. These two quiet time situations are very similar to the diurnal variation and the daytime winter-summer variation observed at midlatitude. During winter-nighttime particle precipitation events, the transition altitude decreases on the order of 10 to 20 kin, depending on the energy input. The most dramatic changes occur during joule heating events when the transition altitude increases sharply--e.g., 50 km for one 30 e'rg/cm 2 s event.
We compared our data with a simple steady state model of the ion chemistry using the important reactions to examine these variations in the ion composition. The observed diurnal and seasonal variations are similar to those seen at midlatitudes and are presumably due to the same causes. Indeed, the simple model calculations do show that the diurnal variation can be accounted for by the changes in photoionization with varying solar zenith angles, and that the seasonal variation is consistent with an increasing [O] to [N•] ratio from summer to winter.
During periods of particle precipitation three things are expected to happen: ion production rates increase, electron temperatures increase, and N2 becomes vibrationally excited. The first would cause the transition altitude to decrease; the other two would cause it to increase. The modeling shows that the effect in transition altitude of an increased ion production rate is much more important than the effect of an increased electron temperature. The fact that we observe a decrease in the transition altitude shows that the increased ion production rate is also more important than vibrational excitation of N2. For this to be the case, the modeling shows that either the vibrational temperature has to be low or the vibrationally enhanced reaction rates are in error. Increased N2 density appears to be unimportant.
During periods of substantial joule heating there are again three things that we expect: N2 density increase, ion temperature enhancement, and large relative ion-neutral velocities. All three would lead to increases in the transition altitude by increasing the rate of conversion of O* to NO*. For the case examined here the modeling shows that the relative ion-neutral velocity can account for 40% of the change in the transition altitude. The change in ion temperature has a smaller effect. This implies that there must be an increase in the N2 density--e.g., a factor of 2.5 at 277 km--to help account for the change in transition altitude. The importance of an N2 density increase for the ion composition variation during joule heating is very different from the particle precipitation situation.
Thus, for the first time we have examined the ion composition in the auroral region using incoherent scatter. Under quiet conditions, the behavior is similar to that observed at midlatitudes. Under active conditions, both particle precipitation and joule heating produce significant changes in ion composition. By comparison of observation and model, we have shown that for particle precipitation the most important factor contributing to a decrease in transition altitude is an enhanced ion production rate. For joule heating, the two important factors contributing to an increase in transition altitude are a large differential ion-neutral velocity and an increase in the N2 density.
